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We have developed and tested an antireflection (AR) coating method for 
silicon lenses at cryogenic temperatures and millimeter wavelengths. Our 
particular application is a measurement of the cosmic microwave background. 
The coating consists of machined pieces of Cirlex glued to the silicon. 
The measured reflection from an AR coated flat piece is less than 1.5% at 
the design wavelength. The coating has been applied to flats and lenses 
and has survived multiple thermal cycles from 300 to 4K. We present the 
manufacturing method, the material properties, the tests performed, and 
estimates of the loss that can be achieved in practical lenses. © 2008 Optical 
Society of America 
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1. Introduction 

Silicon is a promising lens material for millimeter wavelength observations because it can 
be machined; it has a high index of refraction, which is optically advantageous; and it has 
a high thermal conductivity, allowing for straightforward cooling of the lenses to cryogenic 
temperatures. However, the high index (n s = 3.42) in the submillimeter region 1 leads to a 
reflection at each silicon/vacuum interface of approximately R = [(n s — l)/(n s + l)] 2 « 30% 
per surface. This is prohibitively large, especially for multi-lens cameras. Nevertheless, the 
benefits of silicon have motivated the development of ant ir effect ion coatings, 2-5 where the 
referenced AR solutions are in IR and thus easier than mm-wave bands due to the thickness 
of the AR layer. This paper details the development and testing of a simple antireflection 
coating that reduces reflection to < 1.5% per lens at the design wavelength while maintaining 
> 90% transmission at v < 300 GHz. 

At a fixed wavelength the ideal, normal-incidence antireflection coating for a substrate of 
index n s in vacuum has an index of refraction of n c = y/n^ and is t c = Ao/(4n c ) thick. In our 
application, we are building lenses for the Atacama Cosmology Telescope (ACT) camera 6 
at 145, 217, and 265 GHz to measure the fine scale anisotropy of the cosmic microwave 
background. In the following, we focus on the 150 GHz band, for which the ideal antireflection 
coating has t c = 270 fim and index n c = 1.85. 

The coating is a machined piece of Cirlex® 8 polyimide glued to silicon with Stycast® 1266 
epoxy 9 and Lord Ap-134 adhesion promoter. 10 For the curved lens surface, a piece of Cirlex 
approximately 1 cm thick is machined to the curved shape and then held in a Teflon gluing 
jig shaped to match the lens surface while the epoxy cures. 

2. Material Properties and Construction Details 

The low-frequency (~ 1 kHz) dielectric constant and loss reported in the Kapton polyimide 
data sheet 7 suggest that polyimide and silicon could be combined in an AR configuration. To 
ensure accurate modeling and to test sample dependent effects, we measured the dielectric 
properties with Fourier Transform Spectrometers (FTS), summarized in Table [TJ 

Cirlex is a black pressure-formed laminate of Dupont Kapton® polyimide film readily 
available in sheets up to 597mm x 597mm, and thicknesses from 0.2mm to 3.175mm, with 
thicker constructions possible. In the 100-400 GHz range, at room temperature, we find that 
the complex dielectric constant is well modeled as e=3.37+i[0.027(^/150) 52 ] with v in GHz. 
At 150 GHz the loss tangent is given by: 

r Im(e) 0.027 

tan5 = — K -{ = = 0.008. 1 

Re(e) 3.37 v ; 

To test the cryogenic properties of Cirlex, we placed a 250 /im thick sample in a Bruker 
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Table 1. Dielectric properties of the materials for AR coating. 



Material 



Relative dielectric constant e 



~ab 



tan<5 c 



Silicon (p ~ 5000 Q cm) 11.666 + i[0.0026(i//150)- 1 ] 



2.2 x 10~ 4 



Cirlex (0.25 mm) 3.37 + z[0.037(^/150) a52 ] 

Cirlex (10 mm) 3.37 + i[0.027(z//150) ' 52 ] 

Stycast 1266 2.82 + z[0.065(z//150) a27 ] 



0.011 



0.008 



0.023 



a The values are fit to transmission measurements in the frequency range 100 < v < 420 GHz. Throughout, 
v is in GHz. 

b All results are at ambient temperature. 

c Loss tangent is measured at 150 GHz. Results have relative uncertainty of 10%, or 15% on the thinner 
Cirlex sample. 

IFS 113 FTS that operates between 300 and 3000 GHz. Fitting a single complex dielectric 
constant across this frequency range, we measure e = 4.0 + z0.06 (tan 5 = 0.015) at 5K, 
and e = 3.6 + iO.l (tan 5 = 0.030) at room temperature. Note that when the temperature is 
reduced, the loss tangent decreases and the real part of the dielectric constant increases. 

We also performed tests using a vector network analyzer to confirm the temperature- 
dependent behavior of Cirlex. Thin slabs (~ 0.02 cm) of Cirlex were inserted into WR-10 
waveguide and tested at 90 GHz both at room temperature and in a liquid nitrogen bath. 
The full complex scattering matrix was measured over the WR-10 band (75-110 GHz). The 
boundary conditions on the electric and magnetic field at both ends of the sample lead 
to expressions for the scattering parameters. The expressions depend on the length of the 
sample and its permeability and permittivity, and we invert them to derive the complex 
dielectric constant. 11,12 At 77 K, Re(e) = 2.95 (tan S = 0.002) and at room temperature, 
Re(e) = 3.05 (tan 5 = 0.017). Though we have not corrected for the dimensional change of 
the sample upon cooling 2% shrinkage), it is clear that the loss decreases. 

Our observations of Cirlex are consistent with a smooth 20% increase in Re(e) from 
100 GHz to 1 THz. In our calculations we use the value in Table 1, which corresponds to 
a best fit of the room-temperature data over the 90-300 GHz range. The loss is less well con- 
strained, though it clearly decreases upon cooling. Table 1 shows that two similar samples 
exhibited losses differing by approximately 30%. Surface effects may be to blame, but we 
also note that the difference has low statistical significance. 

Stycast 1266 is a two-component, low viscosity epoxy made by Emerson Cuming. We 
measured its properties with a cured sample machined to be flat and 0.64 cm thick. These 
properties are given in Table [TJ The index of refraction is similar to that of Cirlex, but 
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the loss is two to three times larger. To adhere the Cirlex to the silicon we coat the silicon 
with Lord Ap-134 adhesion promoter before applying the Stycast. The adhesion promoter is 
needed to ensure the coating can endure multiple cryogenic cycles. 

We used high purity, high resistivity silicon for our lenses and test samples. Recall that 
the complex dielectric constant for a weakly conducting dielectric is 

e» = Re(e) + — (2) 
lixve p 

in the MKS system, where Re(e) is the real part of the dielectric constant, e Q = 8.85 x 
10~ 14 (f2cmHz) _1 , and p is the resistivity. For a p = 5000f2-cm sample at 150 GHz, this 
corresponds to 11.67 + z(0.0024), close to the measured value. Prior studies of the loss in 
high-resistivity silicon show a complicated temperature dependence. 13 However, the loss is 
always smaller at 4K than at room temperature for potential optical components. 

Some care must be exercised when measuring the optical properties of silicon because both 
heating and ultraviolet light raise its conductivity. The nitrogen source used in the FTS was 
a critical improvement over the mercury arc lamp used initially. The arc lamp produced UV 
and heated the silicon samples to 70°C or higher. We have observed both effects affect the 
resistivity of the silicon (and hence its optical transmission); heating to 70°C alone reduced 
the resistivity by a factor of five. 

In our experience, when a plastic sheet is glued to a glass, quartz or silicon substrate 
and cooled to liquid nitrogen temperatures, differential thermal contraction can shear apart 
the substrate. Silicon and Stycast 1266 thermally contract from 296 K to 4K with AL/L = 
2.2 x 10 -4 and 110 x 10~ 4 , respectively. 14 ' 15 We expect Cirlex to have a coefficient of thermal 
expansion comparable to that of a plastic, i.e. approximately that of Stycast 1266 and ten 
to one hundred times that of silicon. Through repeated testing, we have found that the 
composite structure does not fracture upon cooling if a thin layer of adhesion promoter is 
applied before the epoxy. 

We experimented with multiple antireflection-coated samples to test their robustness, in- 
cluding five flats — four 100 mm in diameter and one over 200 mm in diameter — and three 
plano-convex lenses. Both the 100 mm and the 200 mm flats were dunked from room tem- 
perature into liquid nitrogen over fifty times without damage. The lenses have been cycled 
four times to less than 4 K in a dewar, also without damage. 

3. Measurements and Modeling 

We have measured both the reflection and transmission of the AR-coated samples. The 
reflectometer is quick and straightforward to use, though it is limited to only one frequency. 
The transmission measurements are necessary to understand the indices and the absorption 
losses, and they can be made at a wide range of frequencies. 
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Fig. 1. Schematic top (a) and side view (b) of the reflectometer. The axes in 
(a) correspond to the phase of rotation (x-axis) in Figure El The plate rotates 
via motor and belt at uj =7.5rad/sec under a fixed source and receiver. Five 
samples can be viewed in one revolution. 



3. A. Reflection measurements 

We built the reflectometer shown in Figure [1] in order to measure the reflection of the 
samples. Samples are mounted in 10.16 cm diameter holes on a 53.9 cm diameter, 1.23 cm 
thick rotating aluminum plate. Care is taken to ensure that the sample surface is in the 
same plane as the aluminum plate (±25 /xm), and that the sample holder does not cause 
extraneous reflections. The diode detector, which measures total power, and a temperature- 
compensated 144.00 GHz source are mounted at a 27° angle from normal incidence. The feed 
horns for the source and receiver are aligned so that the electric field is oriented normal 
to the plane of incidence (TE mode). As the disk rotates, the receiver successively views 
aluminum, a sample to be measured, or Eccosorb through an empty sample holder. The 
signal is synchronously binned and averaged over « 1000 rotations of the plate. The data 
are then scaled by taking Eccosorb to have negligible reflection (R = 0.001) and aluminum 
to reflect perfectly. 

To calibrate the reflectance R, we placed silicon flats of known thicknesses (4-7 mm) into 
the reflectometer. The extremely narrow-band light source produces interference between 
reflections from the front and back of the silicon flats, so that R varies between 5 and 70%, 
depending on the sample thickness. A single model of the reflection that incorporates the 
incident angle, polarization, sample thickness, frequency, and properties of silicon fits all the 
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data with 1% mean residuals. Figure [2] illustrates the ease of interpreting the raw reflec- 
tometer measurements. All lenses are measured with the flat side parallel to the aluminum 
plate. 

Silicon flats and plano-convex silicon lenses were subsequently AR coated using the pro- 
cedure detailed above. The reflection was measured before and after coating. The results 
shown in Table [2] demonstrate that both the flat and shaped silicon can be AR coated to 
achieve as little as 1.5% reflection. 

3.B. Transmission measurements 

Since we are primarily concerned with maximizing transmission through the lenses, the 
transmission spectra were also measured at room temperature on a FTS. The spectrome- 
ter uses the blackbody emission of Eccosorb foam submerged in liquid nitrogen as a light 
source. The detector is a composite bolometer with a Haller-Beeman NTD germanium ther- 
mistor and a 4 x 4 mm nickel- chromium coated sapphire absorber. Liquid helium cools the 
bolometer to 4 K. Spectra were obtained between 100 and 425 GHz. The small aperture of the 
Winston cone feeding the bolometer sets the lower frequency limit, and a 15 cm -1 capacitive- 
inductive grid lowpass filter in the optical system sets the upper limit. The interferometer 
scans continuously from —21cm to +21 cm optical path difference (OPD). Bolometer data 
are digitized at 40 samples per second by a 16-bit data acquisition board. 16 Acquiring each 
spectrum requires eight minutes. In analyzing the interferograms, we have discarded data 
outside ±18.4 cm OPD and apodized the rest using a window function with Hann-like taper 
and a half-maximum at ±13.5 cm optical path difference. The results are insensitive to the 
details of the window, the shape of which is a compromise between suppressing noise and 
not suppressing the real variations in the transmission spectra of thick dielectric samples. 

The transmission model (like the reflection model used in the previous section) assumes 
that light consists of plane waves normally incident on infinite, planar samples. The formalism 
is the characteristic matrix of stratified dielectric media, given in §1.6 of Born and Wolf. 17 
Unfortunately, the transmission cannot readily be expressed as a function of frequency for 
any system with two or more layers of dielectric. The light incident on the samples has a 
focal ratio of //4, slow enough that we can ignore wavefront curvature and polarization 
effects in the model. Two other effects must be considered, both of which tend to suppress 
in real FTS data the extremes of the idealized channel spectrum. First, it is necessary to 
treat the model as if it had been taken on the FTS by apodizing its "interferogram" with 
the same window applied to the data. More importantly, the model must sample the exact 
same frequencies as the measurements do, where the frequency step size is the inverse of 
twice the maximum optical path difference (in this measurement, the frequencies are spaced 
at 0.8 GHz). With these precautions, we find an excellent match between the measured and 
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Fig. 2. Four overlaid reflection plots from the reflectometer. Two samples are 
shown both before and after (denoted by primes) applying antireflection coat- 
ing. The reflectometer measures aluminum in regions labeled a, and Eccosorb 
or a mounted sample at positions bl-b5. In the above plot, only b2 has a sam- 
ple mounted. The stability of the measurement from one sample to another is 
good, as shown by the almost perfect overlap of the data. 
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Table 2. Reflection of Silicon Before and After AR Coating 



Sample 


Thickness^, (mm) 


R uncoated 


R coated 


Epoxy Thickness^ (mm) 


Flat 5 


5.0 


0.59 


0.009 


< 0.03 


Flat 6 


7.0 


0.05 


0.05^ 


< 0.2 


Flat 7 


4.1 


0.38 


0.005 


< 0.03 


Lens 1 


5.7 


0.28 


0.016 


< 0.07 


Lens 2 


7.7 


0.61 


0.015 


< 0.03 


Lens 3 


9.7 


0.47 


0.015 


< 0.06 



"Center thickness is given for the plano-convex lenses. All lenses have edge thickness of ~ 3 mm. 

6 This is the total epoxy thickness, not per side. 

c Due to the large epoxy layer, the coating was less successful. 



modeled transmission spectra of the coated (and uncoated) samples. 

We were unable to measure the transmission of lenses directly. It was possible to obtain a 
spectrum of the transmitted light, but this spectrum included the confounding factor of the 
lens's optical power. This optical gain factor can be computed in principle, but it requires 
detailed knowledge of the complete FTS optical system. Worse, it is not robust against small 
variations in the lens placement. For example, one sample's spectrum differed by a factor 
of two between successive tests in which the lens was moved in the FTS beam by less than 
5 mm. We find that the primary value of lens transmission measurements is to check for high 
transmission at the target frequency vt and at 3vt- 

Rather than trying to interpret the lens results, we measured the transmission of the two 
coated flats labeled Flat 6 and 7 in Table [2j Figure [3] shows the transmission spectra for one 
of these samples along with a model. The measurement is the ratio of a sample to a reference 
spectrum, which are averages over two and six spectra, respectively. The model is not a fit 
to the coated transmission data but is determined instead by the Cirlex, Stycast, and silicon 
properties given in Table [1] and by measurements of the component thicknesses. The one 
exception is the silicon loss. The coated flats have somewhat lower resistivity (between 1300 
and 3500 Q-cm, as measured by the vendor) than the uncoated silicon samples (all specified 
to exceed 5000il-cm); both sets have poorly constrained p. To handle the uncertain silicon 
loss, we have treated the resistivity of the sample as an unknown and varied it to fit the 
measured transmission. 
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400 



Fig. 3. The room temperature transmission T of the coated 4mm-thick silicon 
flat (Flat 7), both modeled (black) and measured on the FTS (gray). The 
measurement is the ratio of a sample to a reference spectrum. The lower curve 
shows that the difference (measurement minus model) is within 5% of zero 
through the well-measured range. The high transmission near 133 and 400 GHz 
is due to the AR coating being Ao/4 and 3Ao/4 thick. The slow reduction in T 
with increasing frequency is due to increasing loss in the coating and glue. This 
sample was made before precise values of the index of Cirlex and Stycast 1266 
were known. Thus, the center of the passband window, 133 GHz, is 15 GHz 
below our target frequency. 
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3. C. Design Considerations 

A finished design of a silicon antireflection coating for any application requires a complete 
model of the system. Incident angle range, frequency bandwidth, and polarization all affect 
the optimal coating thickness. It is helpful to begin the process with a few estimates and ap- 
proximate guidelines, however, and we offer some here. First, using Equation [2] and recalling 
that power loss is one tan S per radian of phase, we find that absorption loss in 10kf2-cm 
silicon should equal 1% per centimeter, scaling as a = p" 1 . 

For normally incident light, the best AR-coating thickness t c can be estimated by requiring 
that the optical path through both materials (coating and glue) equal one-quarter wave. That 
is, 

n c t c + n g t g = A /4. (3) 

Comparing this rule against the calculated reflection, we find that it overestimates the op- 
timal AR thickness t c by approximately 2 /im for a glue layer 25 /im thick. The difference 
increases quadratically with glue thickness, but the approximate expression is adequate for 
any reasonable size of the glue layer. 

Figure H] shows the predicted absorption and reflection loss calculated for a pair of realistic 
coated lenses, both at 0° and 40° incident angles. The model assumes lenses made of 5000 fl- 
am silicon, 5 or 20 mm thick, and unpolarized light. Over most of the frequency range it 
should be possible to achieve better than 2% reflection per lens and less than 10% absorption 
particularly if the lens is thin or silicon resistivity is greater than the 5000 Q-cm assumed 
here. 

It might be possible to use the Stycast 1266 alone as an AR coating. Its index of 1.68 is 
lower than the ideal 1.85, and the loss is approximately double the loss of Cirlex. However, 
cutting a single mold to shape the curing epoxy saves three machining steps when compared 
with the method for cutting Cirlex coatings described in this article. At 150 and 300 GHz, 
the optimal Stycast thickness are 300 and 140 /im, which offer transmission of 90% and 
88%, respectively. This compares unfavorably with the 95% and 93% transmission offered 
by a Cirlex-coated lens. The Stycast-coated lens would reflect approximately 1.5% in both 
frequencies, three times the reflection expected from a Cirlex-coated lens. Still, a simpler 
Stycast-only coating might suffice in some applications if the thickness and shape could be 
controlled well enough. 

4. Conclusion 

We have developed and tested a technique for antireflection coating silicon lenses at cryogenic 
temperatures at millimeter wavelengths. Flat samples show < 1.5% reflection and > 92% 
transmission at the design frequency. The remaining 6.5% is attributable to absorption loss, 
which will decrease upon cooling. 
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Fig. 4. Absorption and reflection loss modeled in two notional lenses, 5 mm 
and 20 mm thick. Each lens is assumed to be coated with t g = 20 /im of glue 
and enough Cirlex so that (n g t g + n c t c ) equals one-quarter of the vacuum 
wavelength. Solid lines indicate normal incidence; dashed lines are for 40° in- 
cident angle. The lines labeled A5 and A20 show the absorption loss. The R20 
lines give the reflection from the 20 mm lens; the results are not visibly differ- 
ent for reflection from the 5 mm lens. Absorption increases for oblique angles 
and at higher frequencies. We show the expected loss at room temperature in 
5000 Q-cm silicon. Cryogenically, absorption loss should be reduced. 
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